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Abstract
Carbon �ber running-speci�c prostheses (RSP) are widely used among lower-limb amputee runners.
However, which prosthesis provides the best performance for a runner remains as an unanswered
question. In this purpose, a computational model of the human body with prosthesis was created and the
effect of prosthetic parameters on performance was investigated. Firstly, motion capture systems were
used to collect data from the amputee running motion. Marker data and force plate data were obtained to
create a digital human model. Kinematic data such as length of limbs, joint angles, etc. were calculated
by using marker data. Then, inertial properties were estimated to conduct forward and inverse dynamic
analyses. After building a computational model of amputee sprinting, joint positions and ground reaction
forces (GRF) were compared with experimental results. The design parameters of the prosthesis were
introduced to understand the effect of prosthesis on motion and performance. Response surface method
was used to express motion adaption regarding geometry and stiffness of the prosthesis. Hip and knee
sagittal joint angles were updated based on the response surface method to simulate joint motion
adaptations of prosthesis worn. Then, average horizontal velocity, horizontal velocity change over one
period, vertical and horizontal impulse was considered as performance functions. An evaluation
parameter was proposed to generalize the idea of performance. Prosthetic knee moment and closest
point of the prosthesis to the ground during the swing phase were de�ned as design constraints to
consider knee-buckling and tripping of the prosthetic leg, respectively. The effect of design parameters on
the performance and constraint functions was investigated. A method to determine and design suitable
prostheses for an individual was proposed. It was revealed that the selection and design of prostheses
holds an important place to increase performance.

Introduction
Running-speci�c prosthesis (RSP) have been developed during the last two decades and it is revealed
that shape/stiffness regulation of the RSP may provide better sprint performances for individuals with
lower extremity amputation [1]. Previous studies utilized mass-spring models [2], multibody models [3],
and �nite element models [4] to investigate the effect of prosthesis on the running mechanics, where
contact time [5], leg stiffness [5–6], mechanical energy �ows [7] were evaluated. Although these studies
identi�ed how the running mechanics was varied by wearing RSP, little is known about how the RSP
should be designed for individuals with lower extremity amputation.

To understand the effect of RSP design (e.g. shape and stiffness) on the biomechanics and sprint
performance, a computational multibody model of the runner with RSP was developed together with
biomechanical data. For example, previous studies utilized ground reaction forces (GRFs) from force-
instrumented treadmill [8] and joint kinematics/kinetics from 3-D motion capture systems [9]. However,
computational methods with experimental data often lead complicated design strategies. For example, it
is hard to determine the location of the representative RSP ankle joint to carry out inverse dynamic
analyses [10]. Therefore, in the present study, the RSP was considered as a multi-link structure consisting
of rigid links with rotational springs and dampers to include deformation characteristics of the RSP.



Page 3/17

Further, since GRFs could also be affected by the mechanical properties of RSP, digital human models to
estimate GRF [11] and contact models [12] have been used in forward and inverse dynamic analyses,
respectively.

Another methodological issue to consider RSP design is the de�nitive evaluation of the sprint
performance. Although metabolic cost, joint loading [13], gait asymmetry [14] were commonly used
parameters in past studies, we used GRF impulses and horizontal velocity as performance indexes to
�gure out the effect of RSP on sprint performance. Further, we also considered to reduce the risk of ‘knee
buckling (de�ned as the sudden loss of postural support across the knee at a time of weight bearing)’
induced by amount of internal knee �exion moments [15] and tripping at mid-swing phase for RSP
design.

The purpose of the study was to establish a design methodology based on prosthetic parameters by
considering the effect of the design on the motion of joints and the performance of runner. A
computational human model has been built, and forward/inverse dynamic analyses have been carried
out. Horizontal velocity and GRFs were calculated through the computational human model with different
RSP and generated motions based on prostheses that were worn by the runner. The effect of each design
parameter on performance and constraints were discussed. In this study, a comprehensive parametric
design method for the RSP is proposed to improve the performance in individuals with lower extremity
amputation.

Methods And Modelling

Subject Characteristics
A female unilateral transfemoral amputee (Age 21 years old, Height 1.56 m, Mass 58.3 kg) participated in
this study. The participant was informed about the experiment and the purpose of research and informed
consent was obtained. Ethical Committee of the University of Tokyo/O�ce for Life Science Research
Ethics and Safety approved the research. The participant performed trials by using the same prosthetic
knee joint (3S80, Ottobock, Duderstadt, Germany) and different RSP blades.

Experimental Procedures and Data Collection
After adequate warm-up exercises, the participant carried out maximum sprinting on an indoor 40-meter
straight path. To collect 3-D coordinate positions of the body and GRFs, motion capture system (20
cameras, VICON MX, sampled at 200 Hz) and seven force plates (AMTI, sampled at 1000 Hz) were
positioned around 22-meter from starting line. Helen-Hayes marker set [16] was adopted to place markers
on the anatomical part of the body as well as prosthetic knee and RSP. Trials in which the participant
stepped on within the boundaries of force plates were accepted as successful trials. Four successful
trials were obtained for each prosthetic blade. Enough rest time was provided between each trial.
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Computational Model of Human with Running-Speci�c
Prosthesis
The raw GRFs and three-dimensional marker positions were �ltered using a fourth-order zero-lag low-pass
Butterworth �lter with cut-off frequencies of 75 and 20 Hz, respectively [15]. Then, the human body was
discretized into rigid bodies and joints. Since the main motion during running occurs in lower extremities,
legs were discretized well but the head-arms-trunk (HAT) model was used to model the upper body for the
sake of simplicity. The RSP was also discretized into rigid links and rotational spring dampers [17]. Mass
and inertial properties of each limb were estimated by using the anthropometrical measurements chart
[18]. Position of joint locations were de�ned as simple relations between markers as given in Fig. 1 and
local orientation axes were created by using markers on each segment.

Euler angles were calculated by using local coordinate systems between two rigid bodies. After
calculation of joint angles, body and marker locations were reconstructed, because each limb lengths
vary by time due to soft tissue movement, measurement errors, etc. The length of each limb is adjusted to
remove kinematic inconsistency [19]. Mean values of the curves are assumed as lengths of each limb.
MATLAB® (The Mathworks, Natick, USA) was used to process the data for reconstruction of the human
body and motion, and to calculate joint angles.

The RSP was discretized into 6 rigid bodies connected by revolute joints and spring-damper elements
between rigid bodies to include elasticity effect to structure. Mechanical properties of the RSP (E91
Runner, Ottobock, Duderstadt, Germany) were investigated by the force-displacement characteristics
obtained by compressive testing. Force was applied at mounting position of the RSP and horizontal
motion of the tip was limited by using a �xture. Then, stiffness of each spring between rigid segments
was adjusted by considering design parameters of the RSP, stiffness in vertical direction, height, width
and toe length as shown in the Fig. 2. 9 running blade was designed to investigate the effect of
parameters on human behavior. Stiffness and damping parameters of the prosthesis were updated for
each blade.

Forward and Inverse Dynamic Analyses
A computational model of the human body was created by using joint de�nitions, joint angles and inertial
properties obtained in previous steps. First, we carried out forward dynamic analyses to determine
kinematical accuracy. Force and kinematic data were imposed to model in order to run forward dynamic
analyses. Modeling and analyses were carried out by using Altair MotionView and Altair MotionSolve.
Kinematic measures, such as joint angle and length of limbs, and stiffness and damping coe�cient of
the RSP was validated by forward dynamic analyses. Since the damping of the prosthesis is dynamic
characteristics of the structure, damping coe�cients of the spring-damper elements were also adjusted in
this step. Global positions of right and left knee were used to evaluate the model to validate the model.
According to Fig. 3, the model exhibits similar behavior with experimental results. Asymmetry of motion
can be observed by considering positions of prosthetic and sound leg knee positions. Larger



Page 5/17

displacement occurred in the position of prosthetic leg knee joint compared to sound legs. The difference
between experimental and computational model occurs due to soft tissue movements, kinematic
constraints, measurement errors and �xed center of pressure point on RSP and foot in forward dynamics
calculations.

Inverse dynamic analyses were carried out to predict the sprint performance of the runner with different
RSP. GRFs were estimated by using a contact model. Impact contact model was used to de�ne the
interaction between foot-ground and prosthesis-ground. Spheres were used to de�ne contacting
geometries of foot and prosthesis. The model was validated by comparing experimental and
computational GRFs, also knee positions as it was done in forward dynamic analysis. According to
results given in Figs. 4 and 5, contact time, maximum peak force in vertical and horizontal directions for
prosthetic and sound leg, also curve trends of GRFs express similar characteristics. Besides, positions of
knee joints have similar trends with experimental results. Error in inverse dynamics results is lower than
error in forward dynamics results in some regions because center of pressure can move due to contact
model and accuracy of modelling increases.

Response Surface Method for Motion and Performance
Understanding the effect of each shape/stiffness parameter of RSP on design and motion facilitate to
increase the performance of runners. Response surface method was used to learn how the motion of
joints and performance of runner change depending on the RSP. Analyses of the various prostheses in the
design domain were conducted and various results were acquired.

The motion of human body adapts itself regarding the prosthesis used. It is important to understand how
motion is going to change. Motion data of all trials (9 blades, 4 trials for each blade) were collected and
joint angles were calculated. The motion of joints was assumed as periodic motion and period was
calculated as one gait cycle. Then, the motion of joints was normalized by time to evaluate
characteristics. Second-order polynomial response surfaces were created to approximate the effect of
each parameter on period and joint motion in the sagittal plane. Finally, the approximated motion of
humans considering the parameters of prosthesis used was obtained. The effect of each parameter on
prosthetic knee joint angle is given in Fig. 6.

After creating response surfaces of motion, new computational models were created. When shape and
stiffness of prostheses changes, stiffness and damping ratio of joints in the multi-link prosthesis model
is updated to run analyses correctly. Finally, computational models in the design domain were created
and inverse dynamic analyses of all models were repeated to obtain responses. 4 different objective
functions were created to evaluate the sprint performance of running trials. Since one of the main aims of
the study is to develop sprint performance of the runner, performance-related design functions were
de�ned. These functions were horizontal velocity change over one period, average horizontal velocity,
horizontal and vertical impulse of ground reaction forces. After obtaining outputs of horizontal position
and velocity of center of mass of the runner, and GRFs for all models in design space, response surfaces
were created to hold information about the effect of each RSP design parameter.
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Results And Discussions
Response surface of horizontal velocity change over one period is given in �gure 7. An increase in
stiffness and width in the design domain leads the runner to have better sprint performance. Height and
toe length have less effect on the sprint performance in unilateral amputees. It is concluded that bending
stiffness distribution along the blade, contacting area and joint position of the multi-link model of the
RSP were adjusted through determining the RSP parameters to improve sprinting performance.

Horizontal velocity change over one period and average horizontal velocity shows similar responses;
however, the behavior of GRF impulse-related functions was slightly different. Therefore, an evaluation
parameter was proposed to investigate the effect of both vertical and horizontal impulses as single value.
Bouncing ball analogy was used to derive an evaluation parameter by simplifying the motion of the
runner as given in �gure 8. It was assumed that longer distance after each contact will increase
performance. The human body was considered as mass , initial velocities  and , in the horizontal and
vertical axis, respectively. In the vertical direction, velocities before and

Response surface of horizontal velocity change over one period is given in �gure 7. An increase in
stiffness and width in the design domain leads the runner to have better sprint performance. Height and
toe length have less effect on the sprint performance in unilateral amputees. It is concluded that bending
stiffness distribution along the blade, contacting area and joint position of the multi-link model of the
RSP were adjusted through determining the RSP parameters to improve sprinting performance.

Horizontal velocity change over one period and average horizontal velocity shows similar responses;
however, the behavior of GRF impulse-related functions was slightly different. Therefore, an evaluation
parameter was proposed to investigate the effect of both vertical and horizontal impulses as single value.
Bouncing ball analogy was used to derive an evaluation parameter by simplifying the motion of the
runner as given in �gure 8. It was assumed that longer distance after each contact will increase
performance. The human body was considered as mass , initial velocities  and , in the horizontal and
vertical axis, respectively. In the vertical direction, velocities before and after contact were assumed as
same magnitude, but in opposite direction. Aerial time was obtained by calculating velocity in the vertical
direction. Then, the change of velocity in the horizontal direction was calculated by using the horizontal
impulse. If initial velocities were assumed the same, the �nal velocity will be directly related to the change
of velocity. Then, evaluation parameter was obtained by omitting initial horizontal velocity term from
horizontal distance. It was revealed that not only vertical impulse, but also horizontal impulse should be
considered together to understand performance.
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It was concluded that the change of shape and stiffness of the RSP affects the performance of athletes.
Therefore, the choice of prosthesis holds an important place for individuals to perform well.

On the other hand, knee-buckling can be a risk for the transfemoral amputees who use arti�cial knee
joints. Therefore, the knee buckling risk should be considered in the RSP design and optimization
process. Knee-buckling occurs when moment exists in the direction of knee �exion at stance phase. The
relative position of the arti�cial knee with respect to the center of pressure and ground reaction force
vectors decides the direction of the joint moment around knee joint. Toe length is the parameter that
changes bottom half of the shape of the prosthesis, thus, the effect of RSP toe length on prosthetic knee
moment was investigated. As it can be seen in �gure 9, the reduction of toe length causes a smaller
moment in the opposite direction of knee �exion. In other words, it is easier to observe knee buckling if
RSP toe length is reduced. On the other hand, an increase in toe length may cause a different type of
trouble, such as tripping during swing phase. Since it may be a risk for fall, therefore the closest position
to the ground was obtained. According to �gure 10, when toe length increases, trajectory of the RSP
become closer to ground. Therefore, an increase in toe length also increases the risk of touch down to the
ground while swinging.

after contact were assumed as same magnitude, but in opposite direction. Aerial time was obtained by
calculating velocity in the vertical direction. Then, the change of velocity in the horizontal direction was
calculated by using the horizontal impulse. If initial velocities were assumed the same, the �nal velocity
will be directly related to the change of velocity. Then, evaluation parameter was obtained by omitting
initial horizontal velocity term from horizontal distance. It was revealed that not only vertical impulse, but
also horizontal impulse should be considered together to understand performance.

It was concluded that the change of shape and stiffness of the RSP affects the performance of athletes.
Therefore, the choice of prosthesis holds an important place for individuals to perform well.

On the other hand, knee-buckling can be a risk for the transfemoral amputees who use arti�cial knee
joints. Therefore, the knee buckling risk should be considered in the RSP design and optimization
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process. Knee-buckling occurs when moment exists in the direction of knee �exion at stance phase. The
relative position of the arti�cial knee with respect to the center of pressure and ground reaction force
vectors decides the direction of the joint moment around knee joint. Toe length is the parameter that
changes bottom half of the shape of the prosthesis, thus, the effect of RSP toe length on prosthetic knee
moment was investigated. As it can be seen in �gure 9, the reduction of toe length causes a smaller
moment in the opposite direction of knee �exion. In other words, it is easier to observe knee buckling if
RSP toe length is reduced. On the other hand, an increase in toe length may cause a different type of
trouble, such as tripping during swing phase. Since it may be a risk for fall, therefore the closest position
to the ground was obtained. According to �gure 10, when toe length increases, trajectory of the RSP
become closer to ground. Therefore, an increase in toe length also increases the risk of touch down to the
ground while swinging.

Conclusion
In this study, a methodology to design the RSP was proposed to improve sprinting performance of
runners. It was revealed that the RSP design affects running kinematics, sprinting performance,
possibility of knee buckling and tripping. A 3-dimensional model of a unilateral transfemoral amputee
was created. Forward and inverse dynamic analyses of runner were carried out and validated by using the
joint positions and ground reaction forces. Then, joint angles for all trials were calculated by using 3-D
motion capture data. Changes of human behavior due to different design parameters of the prosthesis
were approximated by using response surface method and new computational models were generated by
using estimated motion data. The sprint performance was evaluated by acceleration related functions.
Knee buckling and tripping during the swing phase of the prosthetic leg were considered as limitations.
Finally, the case-optimal prosthesis regarding 4 different performance functions was obtained and it was
revealed that higher stiffness and width give better performance for the runner. While high toe length
increases the risk of the tripping in prosthetic leg, low toe length increases the risk of knee buckling. To
conclude, the prosthesis has a signi�cant effect on the sprint performance of athlete with RSP and choice
of the prosthesis for a runner is important. Especially, unilateral amputee runners, because of running
asymmetry, develop different strategies to run faster and keep balance depending on prosthesis they
used. Response surface method can be used to understand how shape and stiffness of prosthesis affect
the motion of joints they adapt.

Abbreviations
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Running-speci�c prosthesis
GRF
Ground reaction force
FEM
Finite element method
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Head-Arms-Trunk
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Figures

Figure 1

Marker positions and rigid links on the human body. Blue circles, red crosses and black lines represent
marker locations, joint locations and body segments, respectively.
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Figure 2

De�nition of the RSP design parameters. The red circle and blue circles represent prosthetic knee joint
and joints of the RSP multilink model, respectively. Solid black lines symbolize rigid links of the multilink
model and dashed black line represents connection between carbon �ber prosthesis and prosthetic knee
joint.
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Figure 3

Comparison of knee joint positions obtained by experimental and forward dynamic analyses results.
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Figure 4

Comparison of experimental and computational ground reaction forces of the RSP contact, sound foot
contact and RSP contact
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Figure 5

Comparison of knee joint position obtained by experiment and inverse dynamic analyses

Figure 6

Variations of prosthetic knee joint angle in sagittal plane with respect to RSP design parameters:
stiffness, width, height and toe length in normalized time. Interval of [-1, 1] represents minimum and
maximum values in the design domain of each design parameter.
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Figure 7

Change of the horizontal velocity over one period with respect to RSP design parameters. Interval of [-1, 1]
represents minimum and maximum values in the design domain of each parameter.

Figure 8

Bouncing ball analogy is considered to evaluate the performance of different prostheses. Velocities just
before and after contact is calculated by using the relation between impulse and momentum.
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Figure 9

Effect of RSP toe length on knee moment.

Figure 10

Effect of RSP toe length on the closest distance to ground while swinging


